Epigenetic silencing of tumor suppressors contributes to the development and progression of lung cancer. We recently found that Ski was hypermethylated in lung cancer. This study aimed to clarify its epigenetic alteration, molecular mechanisms and clinical significance in lung cancer. 
INTRODUCTION
Ski was originally described as the oncogene present in the avian Sloan-Kettering viruses [1] ; however, its oncogenic activity was rationalized upon discovering that Ski directly interacts with Smad2, Smad3 and Smad4 [2] [3] [4] [5] . Ski acts in opposition to TGF-β-induced transcriptional activation by functioning as a Smad-dependent corepressor [6] . Ski contains both pro-oncogenic and antioncogenic activities in mammalian cells [7] . Shinagawa et al. found that Ski directly binds to and recruits the HDAC complex to Smads, leading to inhibition of tumor growth factor-β (TGF-β) signaling. Loss of human Ski gene function may increase the susceptibility to certain types of tumors [8] .
Hippo pathway is an evolutionarily conserved pathways that plays important roles in the regulation of organ size, tumorigenesis, and stem cell self-renewal [9] [10] [11] [12] [13] [14] [15] [16] [17] . TAZ is well-established oncogenes [18] . Our previous study proved that overexpression of TAZ is associated with poor prognosis in resected non-small cell lung cancer (NSCLC) [19] . Rashidian et al. identified Ski as a repressor of TAZ during breast cancer progression [20] . Additional molecules or pathways regulated by Ski should be better elucidated in lung cancer.
The initiation and progression of lung cancer involves a multi-step process with sequential genetic and epigenetic changes. DNA methylation is a common mechanism of tumor suppressor gene inactivation and tumorigenesis [21] [22] [23] [24] . Recent studies have demonstrated that a series of methylation-silenced tumor suppressor genes are associated with lung cancer progression [25] [26] [27] [28] .
The methylation status and the role of Ski in lung cancer remains unknown. In the present study, we evaluated Ski expression and DNA methylation in lung cancer cell lines and human tumor tissues. We further www.impactjournals.com/oncotarget investigated the association of Ski expression with the clinicopathological characteristics and prognosis in lung cancer patients.
RESULTS

Ski hypermethylation in lung cancer cell lines and tumor tissues
We used methylation specific polymerase chain reaction (MS-PCR) to examine the methylation state of the Ski gene in NCI-H358, A549, NCI-H1299, HCC827, NCI-H1838, NCI-H292, NCI-H3255, SK-MES-1 lung cancer cells lines and normal human bronchial epithelial cell line HBE-154 ( Figure 1A) . The results showed that NCI-H358, A549, NCI-H1299, HCC827, and NCI-H1838 lung cancer cell lines exhibited methylation, while no methylation was found in HBE-154 cell line and other three lung cancer cell lines NCI-H1975, NCI-H292, and SK-MES-1 ( Figure 1B ). To provide a detailed DNA methylation within the CpG island region of the Ski gene, we performed bisulfite sequencing (BSP). The size of the PCR was 212 bp and included the transcriptional start site (121 to 335 bp). The result of BSP was in accordance with MS-PCR, with Ski densely methylated in five lung cancer cells and unmethylated in the other three lung cancer cell lines and normal bronchial epithelial cell line ( Figure 1C) . In order to clarify whether CpG island methylation silences Ski expression, we examined mRNA expression of Ski in lung cancer cells and HBE-154 cells by reverse transcription-polymerase chain reaction (RT-PCR) and qRT-PCR assay. We found that the Ski transcription was silenced in five (62.5%) lung cancer cells with Ski methylation. In contrast, Ski was detected in unmethylated HBE-154 cells, suggesting suppressed expression of Ski in lung cancer cells ( Figure 1D-1E ). We next evaluated Ski methylation status in human primary lung cancer and adjacent normal lung tissues. Using MS-PCR, we found Ski methylation in 94 out of 168 (56.0%) lung cancer tissues compared with no methylation in normal lung tissues (0/20) (representative results shown in Figure 1F ). These data suggest that Ski hypermethylation was associated with its transcriptional inhibition or silencing. To further confirm that Ski expression was suppressed by promoter region methylation, we performed demethylation experiment. The results of RT-PCR and qRT-PCR analyses were shown in Figure 1G -1H. Demethylation agent 5-aza-2′-deoxycytidine (5-aza-2′dC) induced re-expression of Ski in five lung cancer cell lines with Ski methylation. There was no change of Ski expression in unmethylated lung cancer cells after 5-aza-2′dC treatment.
Ski inhibits lung cancer growth and invasion
Epigenetic silencing of Ski expression in lung cancer suggests that Ski acts as a potential tumor suppressor in lung cancer. To further clarify this assumption, we treated A549 and HCC827 cells with demethylation agent 5-aza-2′dC to allow endogenous Ski to be de-repressed, and examined how Ski inhibited cell growth, soft-agar colony formation, migration, invasion and tumor growth. Cell proliferation assay showed that re-expression of Ski significantly inhibited the growth of A549 and HCC827 cells (P < 0.05) (Figure 2A) . Similarly, colony formation assay showed that re-expression of Ski significantly reduced colony formation (P < 0.05) ( Figure 2B ). We next evaluated the effect of Ski on lung cancer cell migration and invasion. Quantitative analysis at 36 h showed that migration ability was significantly decreased in 5-aza-2′dC-treated lung cancer cells compared with control cells (P < 0.05) ( Figure 2C ). Cell invasion ability of 5-aza-2′dC-treated A549 and HCC827 significantly lower than that in control cells (P < 0.05) ( Figure 2D ). These results show that Ski inhibits lung cancer cell growth, migration and invasion in vitro. To further determine the tumor growth inhibition of Ski in vivo, we examined the growth inhibition by 5-aza2′dC in A549 cells with silenced Ski expression. Tumor growth was significantly inhibited in Ski re-expression nude mice than control mice, indicating that Ski acts as tumor suppressor in lung tumorigenesis (P < 0.05) ( Figure 2E ).
Ski methylation in lung cancer patients
We investigated the correlation between Ski methylation and clinical characteristics in 168 NSCLC patients. Ski methylation was detected in 94 (56.0%) patients by MS-PCR assay. As shown in Table 1 , Ski methylation was associated with poor differentiation (P = 0.01) and late tumor stage (P = 0.003). There was no correlation between Ski methylation and other clinicopathological features such as age (P = 0.07), gender (P = 0.12), smoking history (P = 0.457), and histological type (P = 0.58).
Ski decreases transcriptional activities of TGF-β1-induced Smad and TAZ
To investigate the effect of Ski re-activation on TGF-β1/Smad and Hippo/TAZ pathway, we first measured its effect on the endogenous Smad target genes (PAI-1 and P15 INK4B ) and TAZ target gene CTGF. Western blot assay showed that the induction of PAI-1, P15
INK4B , TAZ and CTGF was significantly attenuated after re-expression of Ski by demethylation agent 5-aza-2′dC ( Figure 3A ).
We examined the expression level of Smads after re-expression of Ski by 5-aza-2′dC. The results showed that Ski did not significantly alter the expression levels of Smad2, Smad3 or Smad4 in A549 cells. However, a decrease in the expression of P-Smad2, P-Smad3 and P-Smad4 upon TGF-β1 stimulation was observed in 5-aza-2′dC-treated A549 cells compared with control cells ( Figure 3B ). In addition, we observed that the TGF-β -induced nuclear translocation of Smad2, Smad3 and Smad4 was suppressed in 5-aza-2′dC-treated A549 cells www.impactjournals.com/oncotarget ( Figure 3C ). The results indicated that enforced expression of Ski blocked nuclear translocation of endogenous Smads. Thus, Ski exerted its inhibitory activity in TGF-β1/ Smad signaling pathway.
Ski reduced endogenous TAZ abundance while had a minor effect on the activity of phosphorylation of TAZ (P-TAZ). However, in the presence of Lats2, Ski significantly increased the P-TAZ. Phosphorylation of TAZ may lead to its degradation in an ubiquitination-and proteasome-dependent manner or alter its intracellular localization [29] . However, we found that Ski did not affect the localization of P-TAZ and TAZ ( Figure 3D ). The above results revealed that Ski inhibited TAZ by increasing their phosphorylation by Lats2 and did not alter the localization of TAZ.
Association of Ski expression with clinicopathological characteristics as well as prognosis in NSCLC patients
To evaluate the clinical significance of Ski, immunohistochemical (IHC) analysis of 168 resected NSCLC patients was performed. The overall follow-up durations ranged from 24 to 89 months (median, 52.3 months). We found that Ski was expressed at low levels in lung cancer tissues while expressed at high levels in adjacent normal lung tissues ( Figure 4A ). The patients' characteristics and their correlation with Ski expression is shown in Table 2 . We found that Ski positive expression was significantly correlated with well tumor differentiation (P = 0.012) and early tumor stage (P = 0.002) but not with tumor histology (P = 0.262), age (P = 0.611), gender (P = 0.251), and smoking history (P = 0.083). There was a statistically significant negative correlation between Ski promoter methylation and its protein expression. The 74 samples with unmethylated Ski exhibited positive protein expression, while the 94 samples with methylated Ski were negative for protein expression. Kaplan Meier survival curves showed that lung cancer patients with Ski positive expression had significantly longer overall survival (OS) than those with negative Ski expression (P = 0.02, logrank test; Figure 4B ).
Stage I lung cancer patients with negative Ski expression showed a significantly poorer survival than patients with positive Ski expression (P = 0.017; Figure 4C ). There was no significant difference of median OS between those with positive and negative expression in stage II/III lung cancer patients (P = 0.981; Figure 4D ).
In the univariate Cox regression analysis, Ski positive expression was associated with a decreased risk of cancer-related death (hazard ratio (HR) = 0.490; 95% confidence interval (CI), 0.227-0.618; P = 0.003).
After adjustment for potential confounding factors, Ski positive expression was found to predict better survival (HR = 0.357; 95% CI, 0.154-0.518; P = 0.001) in the multivariate model (Table 3 ). This suggests that Ski positive expression was an independent predictor of better survival of resected NSCLC patients. As expected, tumor stage was another independent predictor for overall survival. 
DISCUSSION
DNA methylation plays an important role in carcinogenesis, especially at early stages [30, 31] . Epigenetic changes frequently occur in lung cancer, including DNA methylation, which influences the accessibility of the underlying DNA to transcriptional regulatory factors that activate or repress expression [32] . The Ski gene family is involved in methyl CpGmediated transcriptional repression and required for MeCP2-mediated transcriptional repression [33] . In current study, we investigated the epigenetic alteration of Ski and its function in NSCLC. We found that Ski was hypermethylated in human primary lung cancer tissues but not in adjacent normal lung tissues. Furthermore, the methylation frequency correlated with advanced tumor stage and poor differentiation. Decreased Ski expression was at least partially attributed to epigenetic changes in the Ski promoter region. Ski expression in methylated lung cancer cells was markedly increased after 5-aza2′dC treatment. Collectively, our data reveal that DNA methylation of Ski suppresses its transcriptional level, which may be responsible for the development of lung cancer. Ski is located at chromosome 1p36, a tumor suppressor locus frequently deleted in melanoma and neuroblastoma [34] [35] [36] . Decreased Ski abundance in breast and lung cancer cells enhances tumor progression and metastasis in vivo [37] . However, Ski may act as a tumor proliferation-promoting factor or as a metastatic suppressor in human pancreatic cancer [38] . The mechanisms underlying these conflicting observations have not been fully understood. From our findings, we propose the hypothesis that Ski expression may function as a potential tumor suppressor in lung cancer.
To explore the tumor suppressive function of Ski in lung cancer, functional analysis of Ski was performed in vitro and in vivo. We found that Ski inhibited lung cancer cell growth, colony formation, migration as well as tumor formation. Ski exerts its biological functions through interaction with various cellular partners, among which the association with the Smad proteins of the TGF-β signaling pathway is the best characterized [2] [3] [4] [5] [6] . In our study, we observed that target genes of TGF-β signaling, PAI-1 and P15 INK4B , were significantly inhibited when Ski was re-expressed. Consistent with this, we also observed that A549 lung cancer cells with Ski reactivation showed decreased expression of P-Smad2, P-Smad3 and P-Smad4 after TGF-β stimulation. Our data show that Ski overexpression is associated with impaired nuclear translocation of Smads, which is in agreement with published investigation proving Ski prevents the accumulation of a functional Smad2 in the nucleus [39] . All of these results confirmed that Ski could suppress the tumor-promoting activity of TGF-β/Smad in lung cancer.
To uncover additional pathways regulated by Ski, we identified Hippo signaling component TAZ as potential downstream of Ski in lung cancer. TAZ is a critical effector of the Hippo pathway and plays an essential role in cancer progression because high amounts of TAZ can promote tumor growth, EMT, and cancer stem cell expansion [40, 41] . Our work has revealed another important mechanism by which Ski inhibited TAZ by increasing their phosphorylation by Lats2.
At this time, it is difficult to evaluate the regulatory effect of TGF-β and Hippo signaling on Ski gene. Our study shows that Ski acts as an important tumor suppressor by inhibiting both TGF-β/Smad and Hippo/TAZ signaling in lung cancer.
We further evaluate the clinical significance and prognostic value of Ski in lung cancer. Ski positive expression was found to predict better survival in the multivariate model. These results indicate that Ski expression could be an independent prognostic marker 
MATERIALS AND METHODS
Cells lines, antibodies and reagents
Eight lung cancer cell lines (NCI-H358, A549, NCI-H1299, HCC827, NCI-H1838, NCI-H1975, NCI-H292, and SK-MES-1), and normal human bronchial epithelial cell line HBE-154 were purchased from the American Type Culture Collection (Manassas, VA). These cell lines were routinely cultured in RPMI-1640 supplemented with 10% fetal bovine serum (FBS) at 37°C in a 5% CO 2 atmosphere. Primary antibodies of Ski, TAZ, CTGF, PAI-1, P15
INK4B
, phosphorylated Smad2 (P-Smad2), Smad2, P-Smad3, Smad3, P-Smad4, Smad4, P-TAZ, β-actin, and lamin used for western blotting were purchased from Santa Cruz Biotechnology Inc. (CA, USA). 5-aza-2′-deoxycytidine (5-aza-2′dC) was purchased from R & D Inc. (Shanghai, China). Human recombinant TGF-β1 was obtained from PeproTech (Rocky Hill, NJ).
Methylation specific polymerase chain reaction (MS-PCR) and bisulfite sequencing (BSP)
A DNA extraction kit (Qiagen Corporation, USA) was used to isolate genomic DNA from the cell lines and tissues. DNA was chemically modified using an EZ DNA Methylation-Gold Kit (Zymo Research, Orange, CA) as described elsewhere [24] . Primer pairs that specifically amplified either methylated or unmethylated sequences spanning the CpG island of human Ski are used for MS-PCR (Supplementary Table 1) . Normal blood genomic DNA untreated and treated with SssI methylase (New England Biolabs, Beverly, MA) was used as fully methylated and fully unmethylated controls in all PCRs, respectively. PCR products (10 μL) were resolved by electrophoresis on 3% agarose gels and visualized under UV illumination. Each sample was amplified to confirm the results. For BSP, 1 μL bisulfite-treated DNA was amplified by PCR using the primers listed in Supplementary Table 1. PCR products were purified with a Wizard SV Gel and PCR Clean-up System (Promega) and then cloned into a pGEM-T easy vector (Promega). Ten colonies were chosen randomly for plasmid DNA extraction using a Promega Spin Mini kit (Promega) and were then sequenced by an ABI 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA).
Demethylation treatment
Cells were seeded at a density of 1 × 10 6 cells/mL in 10 cm dishes. After 24 h of culture, cells were exposed to 5-aza-2′dC at a concentration of 10 μM for 3 days.
Reverse transcriptase-polymerase chain reaction (RT-PCR)
RNA was isolated using the Trizol Plus kit (TaKaRa, Japan). First-strand cDNA synthesis was performed using Invitrogen kit. Subsequent PCR reactions were performed using an RNA-PCR kit (Takara, Japan). β-actin was used as an internal control. The forward and reverse primer sequences were shown in Supplementary Table 1.
Real-time qRT-PCR analysis
Total RNA was extracted from the cells (1 × 10 6 cells) using Trizol plus kit (TaKaRa, Japan). Firststrand cDNA synthesis was performed using Promega kit. Synthesized cDNA was used for qRT-PCR analysis using Lightcycler (Roche, Switzerland) based on the manufacturer's instructions. β-actin was used as an internal control. All samples were amplified in duplicates. Relative changes in the amount of transcripts in each sample were determined with β-actin normalization of mRNA levels.
Western blotting analysis
Total protein was isolated from cells using cell extraction buffer (Biosource, Camarillo, CA) supplemented with protease and phosphatase inhibitors. Protein concentrations were measured using a BCA Protein Assay kit (Pierce, Rockford, IL). Antibodies against Ski, TAZ, CTGF, PAI-1, P15 INK4B , P-TAZ P-Smad2, Smad2, P-Smad3, Smad3, P-Smad4 and Smad4 were used as primary antibodies. The blots were incubated with a horseradish peroxidase-conjugated goat anti-rabbit antibody (Santa Cruz Biotechnology). Proteins were visualized with electrochemical luminescence (GE Healthcare, CA).
Cytosolic and nuclear fractionation
Cells were lysed in hypotonic buffer for 15 minutes at 4°C and centrifuged at 1000 rpm for 10 minutes. The supernatant was collected and designated as the cytosolic fraction. The pellet was resuspended in nuclear buffer, incubated for 20 minutes at 4°C, and centrifuged at 13000 rpm for 5 minutes. The supernatant was collected and designated as the nuclear fraction.
Assessment of tumorigenicity in vivo
Tumourigenicity in nude mice was determined as described previously [42] . All experimental procedures were approved by the Animal Ethics Committee of the Guangzhou Medical University. A549 cells (5 × 10 6 cells in 0.2 mL PBS) were injected subcutaneously into the right dorsal flank of 4-week-old female BALB/c nude mice. Two weeks after inoculation, subcutaneous tumors that were formed and visible in all mice were size-matched (the diameter of each tumor was approximately 2 mm), and the mice were randomly assigned to two groups (five mice each) for treatment with dimethyl sulfoxide (DMSO) or 5-aza-2′dC. 1 μg/kg 5-aza-2′dC or DMSO was injected into the mice intraperitoneally (i.p.) three times per week for four weeks. Tumor volume was calculated using the following formula: (short diameter) 2 × (long diameter)/2. Tumor volume was assessed every three days for four weeks. [43] . Each case was reassigned for tumor, node, metastasis (TNM) classification and pathologi cal stage on the basis of the IASLC staging system [44] .
Immunohistochemical (IHC) analysis and MS-PCR assay in resected lung cancer patients
All experiments and procedures were approved by the Clinical Research Ethics Committee of Guangzhou Medical University. Written informed consents were obtained from all subjects. The survival time was calculated from the date of diagnosis to the date of death caused by lung cancer or December 2014, the followup cut-off date. Patients who died of causes other than lung cancer and patients who still alive at the time of the follow-up cut-off were censored.
Specimens were fixed in 10% formalin and embedded in paraffin wax. Unstained 3 mm sections were then cut from paraffin blocks for immunohistochemical analysis. The sections were stained with anti-Ski polyclonal antibody (Santa Cruz Biotechnology, CA, USA) as described previously and the evaluation of Ski expression was also performed accordingly [45] . All procedures were done by two independent assessors and one pathologist. Immunoreactivity was scored on a scale of 0-4 for 1) staining intensity (negative, low, medium, high, very high) and 2) percentage of positive cells (0, < 25%, 25-50%, > 50%, ~100%) [46] . The sample was considered negative if score ≤ 5 and positive if score > 5. A negative control was prepared by substituting normal primary antibody, and no staining was detected.
Genomic DNA isolation and MS-PCR were conducted as described above.
Cell proliferation assay and colony formation assay
For cell proliferation assay, lung cancer cells (5 × 10 3 per well) were seeded in 96-well plates. After 5 days, cell viability was determined using the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) according to the manufacturer's instructions. Experiments were carried out in triplicate. For colony formation assay, cells were suspended with 0.4% low-melting-point agarose (Biowhittaker Molecular Application, Rockland, ME) in RPMI-1640 containing 10% FBS. The upper layer was seeded onto 60 mm dishes coated with 0.5% low-meltingpoint agarose in RPMI-1640 with 10% FBS. Medium was changed every three days for two weeks. The number of colonies that were 200 μM or larger were counted.
Cell migration and invasion assay
Matrigel (BD Biosciences, USA) was applied to the upper chamber. Cells were trypsinized and seeded at 5 × 10 4 cells per insert in 100 μL serumfree DMEM medium. Inserts were placed in 600 μL DMEM medium with 10% FBS. The cells were incubated for 24 h with 5% CO 2 humidified atmosphere.
Then the cells on the upper surface of the filters were completely removed by wiping with a cotton swab. The inserts were fixed in 4% polyfluoroalkoxy (PFA) for 30 min and stained with crystal violet staining solution (Beijing Zhongshan Biotechnology, China). The images were taken at 200 × magnification with an Olympus microscope (Olympus Corporation, Japan). For invasion assay, the numbers of cells attached to the other side of the insert were counted under a light microscope in 8 random fields at a magnification of 200 ×. For migration assay, after photographed, the cells migrated to the underside were eluted by 33% acetic acid, and the O.D. values of absorbance were measured by VarioskanFlash (Thermo, USA) at 570 nm. The data shown were representatives of three independent experiments.
Transfection
The plasmid for pCMVmyc-Lats2 was a gift from Sun yat-sen University Cancer Center. Full Lats2 cDNA was released from the pCMVmyc-Lats2 plasmid by BamHI and XhoI cleavage and recloned into the pcDNA3 vector to produce pcDNA3-Lats2.
Transfection of plasmid was performed with Lipofectamine™ 2000 transfection reagent (Invitrogen, USA) following the manufacturer's protocol. Transfected cells were grown at 37°C for 6 h, followed by incubation with complete medium.
Statistical analysis
Data are presented as the mean ± standard deviations (SD). All statistical analyses were performed using the SPSS 16.0 software package. Comparisons between groups were evaluated using Student's t-test or Fisher exact test. Survival curves were assessed via the KaplanMeier method and compared with the log-rank test. A two-sided value of P < 0.05 was considered statistically significant. The Cox proportional hazard regression model was used for both univariate and multivariate analyses of survival and for estimating the hazard ratio (HR) with 95% confidence interval (CI). Significant variables (P < 0.1) in univariate analysis were included in multivariate analysis.
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